The paradigm that macrophages that reside in steady-state tissues are derived from embryonic precursors has never been investigated in the intestine, which contains the largest pool of macrophages. Using fate-mapping models and monocytopenic mice, together with bone marrow chimera and parabiotic models, we found that embryonic precursor cells seeded the intestinal mucosa and demonstrated extensive in situ proliferation during the neonatal period. However, these cells did not persist in the intestine of adult mice. Instead, they were replaced around the time of weaning by the chemokine receptor CCR2-dependent influx of Ly6C hi monocytes that differentiated locally into mature, anti-inflammatory macrophages. This process was driven largely by the microbiota and had to be continued throughout adult life to maintain a normal intestinal macrophage pool.
Macrophages are found in every tissue of the body, where they act as a first line of defense against pathogenic insults but also contribute to the maintenance of tissue homeostasis and wound repair 1 . Traditionally, macrophages were thought to be part of a linear mononuclear phagocyte system and were assumed to derive exclusively from blood monocytes 2 . However, subsequent work challenged that concept, generating the concept that all macrophages in steady-state tissues are derived from embryonic progenitors in the yolk sac (YS) and/or fetal liver (FL). Thereafter, it was proposed that these macrophage populations are maintained by self-renewal in situ, with little or no contribution from circulating blood monocytes [3] [4] [5] [6] [7] [8] . However, despite the presence of a large population of functionally specialized macrophages in the intestine 9, 10 , these concepts have not been addressed in this tissue.
There is considerable evidence that monocytes can give rise to intestinal macrophages during inflammation in both humans and mice 11, 12 . Initial studies also showed that 'inflammatory' Ly6C hi monocytes could replenish intestinal macrophages after diphtheria toxin-mediated severe and intense depletion of myeloid cells in CD11c-DTR mice (which express the receptor for diphtheria toxin under the control of regulatory elements of the gene encoding CD11c) 13, 14 . Those findings have been extended by studies showing that Ly6C hi monocytes are present in the colonic mucosa of mice in the steady state and can enter the intestine after transfer into unmanipulated mice 15 . There they seem to differentiate locally into mature F4/80 hi CX3CR1 hi MHCII + macrophages through a series of intermediary stages, eventually acquiring the typical properties of gutresident macrophages, through a process sometimes referred to as the 'monocyte waterfall' 16 . The resulting cells show constitutive production of interleukin 10 (IL-10), phagocytic activity and resistance to stimulation via Toll-like receptors 15, 16 . However, those studies did not address the possibility that precursors in the YS and/or FL might seed the intestinal mucosa and persist into adulthood alongside Ly6C hi monocyte-derived macrophages. Furthermore, the stage of development at which the monocyte-dependent replenishment of intestinal macrophages begins has not been identified, and the developmental, environmental and signaling requirements for the recruitment of monocytes to the intestine remain unexplored.
Here we used a combination of immunophenotyping, lineage tracing and parabiosis to explore the origin of the intestinal macrophage compartment from birth until adulthood in mice. We found that although YS-and FL-derived macrophages were present in the neonatal intestine, these cells failed to persist into adulthood and instead were 'diluted out' by monocyte-derived macrophages that began to arrive around the time of weaning in a process that was very much dependent on the chemokine receptor CCR2 and commensal microbiota. Our findings substantially increase understanding of the regulatory processes that control intestinal macrophage homeostasis in this highly dynamic microenvironment 10 .
RESULTS

Origins of intestinal macrophages early in life
To explore the origins of intestinal macrophages, we first developed methods for identifying these cells in the neonatal intestine by adapting a rigorous gating strategy used for cells from adult mice 15, 16 . For these studies we used Cx3cr1 +/GFP mice, in which one allele of the gene encoding the chemokine receptor CX3CR1 is replaced with sequence encoding green fluorescent protein (GFP). We readily identified live (7-AAD − ) CD45 + cells in enzymatic digests of colon from newborn mice and, as expected, the number of live leukocytes rose progressively into adulthood, beginning after the first week of life (Supplementary Fig. 1a) . After excluding Siglec-F + eosinophils, Ly6G + neutrophils and F4/80 − CD11c hi dendritic cells (DCs), we found a distinct population of F4/80 + CD11b + cells at embryonic day 19.5 (E19.5) that increased progressively in number up to adulthood (Fig. 1a,b and Supplementary Fig. 1b) . In colons of both adult mice and newborn mice, we confirmed their identity as macrophages on the basis of their abundant expression of the macrophage-specific markers CD64 (FcγR1) and CX3CR1 (Fig. 1c) , as well as their substantial amounts of surface CD11c and mRNA encoding the hemoglobin-haptoglobin scavenger receptor CD163 ( Supplementary  Fig. 1c,d) . Notably, macrophages in the colon of neonatal mice had lower expression of the tyrosine kinase MerTK than that on macrophages in the colon of adult mice or F4/80 hi CD11b lo Kupffer cells in the liver (Supplementary Fig. 1e) .
We next determined if the macrophages identified in neonatal mice were functionally equivalent to their counterparts in adult mice by assessing them for the high phagocytic activity and constitutive production of IL-10 and tumor-necrosis factor (TNF) that characterize steady-state macrophages in the intestine of adult mice 14, 16 . As expected, macrophages from the colon of adult mice excelled at taking up fluorescence-labeled Escherichia coli into acidified vesicles, and we obtained similar results with macrophages from the colon of 2-day-old mice ( Fig. 1d) . Consistent with that evidence of efficient phagocytic activity, macrophages from both neonatal mice and adult mice were large and highly vacuolar in appearance (Fig. 1e) . Macrophages sorted from the intestine of adult mice also contained large amounts of IL-10 mRNA, together with substantial amounts of TNF mRNA, whereas bone marrow (BM) macrophages treated with the colony-stimulating factor CSF-1, used as a control, had low A r t i c l e s amounts of mRNA encoding each cytokine (Fig. 1f) . Macrophages from the intestine of 2-day-old mice showed constitutive expression of mRNA encoding each cytokine, although the abundance of IL-10 mRNA was lower in macrophages from neonatal mice than in those from adult mice (Fig. 1f) . Together these findings showed that cells with the phenotypic and functional properties of resident intestinal macrophages were already present immediately after birth.
Studies have proposed that the amount of expression of the markers F4/80 and CD11b can be used to identify developmentally distinct macrophage populations in various tissues 3 . Whereas F4/80 hi CD11b lo macrophages are proposed to derive from embryonic precursors, those with low expression of F4/80 but high expression of CD11b (F4/80 lo CD11b hi ) seem to originate from conventional hematopoiesis in the adult 3 . Thus, we next assessed whether expression of F4/80 and CD11b could be used to define discrete macrophage populations in the colon. We found clearly definable populations of F4/80 hi CD11b lo and F4/80 lo CD11b hi macrophages in the colon of newborn mice, with the F4/80 hi CD11b lo subset being dominant at this time (Fig. 1g) . Identical populations of F4/80 hi CD11b lo and F4/80 lo CD11b hi macrophages were also present in the intestine before birth (Fig. 1g) , which confirmed their embryonic origin. Both subsets had substantial expression of CD64 and CX3CR1, although their expression was somewhat higher on the F4/80 hi CD11b lo subset ( Supplementary  Fig. 1f) . However, the distinction between the two phenotypic subsets became progressively less clear in the intestine with age, and by adulthood, almost no F4/80 hi CD11b lo macrophages remained in the colonic mucosa (Fig. 1a,g ). In contrast, the monocyte-macrophage compartments found in the liver and spleen had distinct populations of F4/80 hi CD11b lo and F4/80 lo CD11b hi cells in adulthood, with the F4/80 hi CD11b lo remaining the dominant population at this time (Fig. 1h, Supplementary Fig. 1g and data not shown). Thus, macrophages bearing the characteristic F4/80 hi CD11b lo signature of embryonically derived cells remained in tissues such as the liver and spleen but seemed to be lost progressively in the colonic mucosa.
Yolk sac-derived macrophages do not persist in adult colon As the results presented above suggested that intestinal macrophages from adult mice might be developmentally distinct from those in other tissues, we examined directly whether progenitor cells in the YS contribute to the intestinal macrophage pool. To do this, we used Csf1r-Mer-iCre-Mer mice, which have tamoxifen-inducible transgenic expression of Cre recombinase under the control of the promoter of the gene encoding the receptor for CSF-1 (CD115) 17 . We crossed those mice with reporter mice that express yellow fluorescent protein (YFP) under control of the ubiquitous Rosa26 promoter (Rosa26-LSL-YFP mice) and induced Cre-mediated recombination in the progeny of the cross (called 'Csfr1-reporter mice' here) by single injection of 4-hydroxy-tamoxifen into pregnant females at E8.5. This protocol leads to irreversible expression of YFP by YS CSF1R + cells and their progeny but not by hematopoietic stem cells or their derivatives 3 . YFP + cells were present in the colonic lamina propria of 9-day-old Csf1r-reporter mice, and all YFP + cells were in the F4/80 + CD11b + macrophage gate (Fig. 2a,b) . In mice of this age, fewer YFP + cells were present among colonic macrophages than among F4/80 hi CD11b lo Kupffer cells (1.7% ± 0.8% versus 5.2% ± 0.1% (mean ± s.d.), respectively; Fig. 2b ), which perhaps reflected tissue-specific differences in npg the efficiency of Cre-mediated labeling 3 or the fact that monocytederived cells were already appearing in the colon by this time. This difference was even greater in adult Csf1r-reporter mice, in which YFP + cells remained readily detectable in the liver, albeit in reduced numbers, whereas the colon of the same mice contained very few YFP + cells (Fig. 2b) . The reduction in the abundance of YFP + macrophages in the intestine of adult mice was not due simply to dilution by other cells, as their absolute number was also significantly lower in colon of adult mice than in the intestine of 9-day-old mice ( Fig. 2c) . Consistent with exclusive labeling of YS-derived cells, we were unable to detect YFP + cells among Ly6C hi blood monocytes at any time ( Fig. 2b) . Thus, although YS-derived macrophages were present in the intestine early in life, they did not persist in the gut of adult mice to any substantial extent.
Colon macrophages derive from conventional hematopoiesis
Given the apparent paucity of YS-derived macrophages in the intestine of adult mice, we next used Flt3-Cre Rosa26-LSL-YFP reporter mice (which have Cre-mediated deletion of the Rosa26 stop codon in cells expressing the cytokine receptor Flt3; called 'Flt3-reporter mice' here) to assess the contribution of conventional hematopoiesis to the intestinal macrophage pool. As Flt3 is expressed by all pluripotent hematopoietic progenitors in the BM, the progeny of these cells become permanently YFP + in Flt3-reporter mice 3 . 50-60% of total leukocytes and of Ly6C hi monocytes in the blood of adult Flt3-reporter mice were YFP + , and similar proportions of YFP + cells were also present among macrophages in the colon of adult mice (Fig. 2d) . That evidence that intestinal macrophages were derived from conventional hematopoiesis was supported further by the finding that almost all colonic macrophages were eliminated by whole-body irradiation and were replaced by BM-derived progenitors (Fig. 2e) . In contrast, very few F4/80 hi CD11b lo Kupffer cells (4.6% ± 2.1% (mean ± s.d.)) were labeled in Flt3-reporter mice (Fig. 2d) , and large proportions of Kupffer cells and splenic macrophages remained of host origin in radiation chimeras (Fig. 2e) , consistent with published reports that these cells are radioresistant 18 . Together these results suggested that although YS-derived cells seeded the intestinal lamina propria early in development, they were replaced by the progeny of conventional hematopoiesis in adulthood.
Ly6C hi monocytes drive colonic macrophage accumulation
We reasoned that the switch from embryonic origin to hematopoietic origin described above might have occurred at the time at which we observed the greatest increase in the number of macrophages: 2-3 weeks after birth. To test this hypothesis, we carried out a comprehensive analysis of the macrophage compartment from birth to adulthood. In confirmation of published findings 15, 16 , we were able to identify three subsets of F4/80 + CD11b + cells on the basis of their expression of the surface marker Ly6C and major histocompatibility complex (MHC) class II in the colon of adult wild-type mice (Fig. 3a) .
Using the Cx3cr1 +/GFP mice described above and Ccr2 +/RFP mice, which are heterozygous for sequence encoding red fluorescent protein (RFP) knocked into the locus encoding CCR2, we found that colonic 
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Ly6C hi MHCII − cells were phenotypically similar to classic blood monocytes 19 , with intermediate expression of CX3CR1 and high expression of CCR2. In contrast, the Ly6C + MHCII + cells showed loss of CCR2 expression and upregulation of CX3CR1 expression (Fig. 3b) ; this finding was consistent with these cells' being an intermediary stage between Ly6C hi monocytes and resident macrophages 15, 16 . Most F4/80 + CD11b + cells were Ly6C − and had the CX3CR1 hi CCR2 − phenotype of mature macrophages (Fig. 3b) . Whereas the number of mature Ly6C − macrophages increased progressively with age, there were very few Ly6C hi MHCII − cells in the intestine of wild-type mice at the time of birth, and their numbers remained very low until after 14 d of life (Fig. 3c) . Notably, Ly6C + MHCII + cells were essentially absent from the colonic mucosa until around 3 weeks of life (Fig. 3c) , which suggested that the differentiation of classic monocytes through the 'monocyte waterfall' did not occur until 2-3 weeks of life. Furthermore, the appearance of Ly6C + MHCII + intermediary cells was paralleled by the progressive acquisition of MHC class II expression by mature Ly6C − macrophages (Fig. 3d) .
To assess the contribution of classic blood monocytes to the appearance of Ly6C + cells at 2-3 weeks of age, we examined Ccr2 −/− mice, in which the egress of Ly6C hi monocytes from the BM is defective 20 . Although all populations of macrophages defined by their expression of Ly6C and MHC class II were present in normal numbers in newborn Ccr2 −/− mice, progressively severe deficiency in Ly6C hi MHCII − and Ly6C + MHCII + cells appeared after 7 d of age, relative to the abundance of these cells in wild-type mice of the same age ( Fig. 3e and  Supplementary Fig. 2a,b) . By adulthood, these cells were essentially absent from Ccr2 −/− colon (Fig. 3e-g ). In contrast, the number of mature Ly6C − macrophages in Ccr2 −/− colon remained equivalent to that of wild-type colon until 7 weeks of age, when there was a 50% deficit in their number in Ccr2 −/− colon (Fig. 3e-g ). Notably, this defect developed further with age, with 9-to 12-month-old Ccr2 −/− mice showing a much more severe defect in the number of mature Ly6C − macrophages than that of their younger counterparts ( Fig. 3e  and Supplementary Fig. 2c ). The absence of CCR2 did not affect other tissue-resident macrophage populations, with the number of F4/80 hi CD11b lo Kupffer cells in the liver being normal in adult Ccr2 −/− mice, consistent with their being embryonically derived (Fig. 3h) . Conversely, Ccr2 −/− liver had a significantly reduced number of F4/80 lo cells (Fig. 3h) , which are presumptively derived from classic monocytes.
Notably, despite their normal number in the colon of 3-week-old Ccr2 −/− mice, a small proportion of the mature Ly6C − macrophages seen in these mice remained MHCII − , when all Ly6C − cells had become MHCII + in wild-type colon ( Fig. 3d and Supplementary  Fig. 2a,c) . A small population of MHCII lo Ly6C − macrophages also remained present in the colon of adult Ccr2 −/− mice (Fig. 3f,g ). Together these data suggested that the colonic macrophage pool in adult mice first became established around the time of weaning at 2-3 weeks of age and that this was associated with CCR2-dependent accumulation of Ly6C hi monocytes and their subsequent differentiation into MHC class II-expressing macrophages.
Macrophages proliferate in neonatal colon but not adult colon
Given that the abundance of mature Ly6C − macrophages remained normal in Ccr2 −/− mice until adulthood, despite the severe reduction in the abundance of classic blood monocytes, we next tested the hypothesis that there might be in situ proliferation of the embryonically derived macrophages that were clearly present at birth. To investigate this, we assessed expression of the antigen Ki67, which is expressed exclusively by cells in active cell cycle. In mice 2 d of age, around 30% of mature Ly6C − macrophages (MHCII + or MHCII − ) from the colon had high Ki67 expression, and we obtained similar results with macrophages from 2-week-old mice, before the number of Ki67 + macrophages fell significantly at 3 weeks (Fig. 4a,b) . By 5 weeks of age, the frequency of Ki67 + macrophages had decreased further, roughly around the limit of detection, and this remained the case for macrophages from older adult mice (Fig. 4a,b) . There was no difference between the MHCII + and MHCII − subsets of Ly6C − mature macrophage in terms of Ki67 expression (Supplementary Fig. 3) , which indicated that this phenotypic distinction did not correlate with an ability to self-renew. Similarly, those F4/80 hi CD11b lo macrophages that could be identified discretely in the colon of adult mice did not differ in Ki67 expression, as would be expected if proliferative capacity was restricted to any remaining embryonically derived cells (Supplementary Fig. 3 ). The changing pattern of Ki67 expression by colonic macrophages was not a property of all myeloid cells in the mucosa during development, as intestinal eosinophils failed to express Ki67 at any time point (Supplementary Fig. 3 ), while mucosal DCs had high expression of Ki67 at all times from birth until adulthood (Fig. 4c) , consistent with the known ability of mature tissue DCs to divide in situ 21 . It is known that following acute inflammation, certain macrophage populations display enhanced proliferative capacity in an attempt to replenish their numbers 4, 22, 23 . However, we found no evidence of increased cell division by any of the populations of monocytes and/or macrophages (defined by expression of Ly6C and MHC class II) during acute colitis induced by oral administration of dextran sodium sulfate (DSS) or in the period of tissue repair after removal of DSS (Fig. 4d) . Thus, resident intestinal macrophages proliferated in situ in the first few weeks of life, but this diminished in parallel with the arrival of BM-derived monocytes around 3 weeks of age. Although the macrophages in adult mice retained some ability to divide locally, this did not seem to account for the maintenance of this population in the steady state or during their response to inflammation.
Monocytes maintain macrophages in steady-state colon Thus far, our results indicated that the macrophage pool in adult intestine was derived from classic hematopoiesis rather from selfrenewing YS-derived precursor cells and that this process needed to be continued throughout adult life to maintain normal numbers of macrophages. To study this in more detail, we used a parabiotic approach in which blood monocytes were able to exchange between adult hosts. We joined congenic wild-type CD45.1 + and CD45.2 + mice surgically and assessed the presence of non-host cells in each parabiont 10 weeks later. B lymphocytes and T lymphocytes in the bloodstream showed a ratio of approximately 1:1 for host origin/donor origin, regardless of which parabiont we examined (Fig. 5a) , which confirmed that there had been efficient exchange between the circulations at this time. As reported before 7, 24 , the degree of chimerism of myeloid cells was considerably lower than that of lymphocytes, with Ly6C hi blood monocytes showing ~12% chimerism in either partner (Fig. 5a) . We found a similar frequency of chimerism among all populations of Ly6C hi MHCII − , Ly6C + MHCII + and Ly6C − MHCII + macrophages in the colon, with ~10% deriving from the opposite parabiont in each case (Fig. 5a) . We next examined the role of CCR2 in the replenishment of the adult macrophage pool, first by generating BM chimeras by reconstituting wild-type recipients with a 50:50 mixture of wild-type BM and Ccr2 −/− BM. As expected, there was a considerable bias toward reconstitution of Ly6C hi monocytes in blood from wild-type BM in these mice (Fig. 5b) . In parallel, macrophages in the colon were derived almost exclusively from wild-type BM in these mice (Fig. 5b) . Indeed, even fewer intestinal macrophages than circulating Ly6C hi monocytes were derived from Ccr2 −/− BM in the same mice (0.5% versus ~4%; Fig. 5b) , which suggested that CCR2 was required for entry to the colonic mucosa, in addition to its role in egress from the BM. In contrast, eosinophils of Ccr2 −/− origin accumulated normally in the intestine of chimeric mice (Fig. 5b) , indicative of successful engraftment npg of both types of BM. These results did not reflect potential disruption of intestinal homeostasis by irradiation, as we obtained similar findings by parabiosis of wild-type mice and Ccr2 −/− mice. Under these conditions, we readily detected macrophages derived from wild-type mice in the colon of the Ccr2 −/− parabionts, whereas we were unable to find macrophages derived from Ccr2 −/− mice in the colon of their wild-type partners (Fig. 5c) . We did not find the same pattern of chimerism when we examined F4/80 hi CD11b lo Kupffer cells in the liver of these parabionts, in which we found no exchange between either partner (Fig. 5c) , consistent with their independence from circulating monocytes. Together these results confirmed that the intestinal macrophage pool in adult mice required constant replenishment by the CCR2-dependent recruitment of Ly6C hi monocytes.
The microbiota regulates the colonic macrophage pool As the need for continuous replenishment by monocytes noted above distinguished the intestine from other tissues, we reasoned that this may have been driven by local signals, such as the commensal microbiota. To test this hypothesis, we first administered broad-spectrum antibiotics for 2 weeks to conventionally reared wild-type mice. This protocol is reported to alter the composition and burden of commensal bacteria in the intestine 25 . We found that it resulted in a small but significant reduction in the number of the Ly6C hi MHCII − and Ly6C + MHCII + monocyte-like subsets in the colon but not in the number of Ly6C − MHCII + mature macrophages (P < 0.05; Supplementary Fig. 4) . We next depleted mice of their microbiota under conditions in which we could assess CCR2-dependent recruitment of monocytes by parabiosis. Parabionts of wild-type and Ccr2 −/− mice received antibiotics for either the first 4 weeks after surgery or for the entire period before we assessed the degree of non-host chimerism in the Ccr2 −/− parabionts at 8 weeks. We found a higher degree of chimerism in parabionts that had received antibiotics only for the first 4 weeks after surgery than in those that received continuous treatment with antibiotic (~40% versus ~60%; Fig. 6a) .
As the accumulation of colonic macrophages between 2 weeks and 3 weeks of age coincides with acquisition of commensal bacteria, we addressed the hypothesis that commensal bacteria-derived signals may have been essential for the burst of monocyte-derived colonic macrophages. Analysis of the colonic macrophage compartment in germ-free mice revealed strikingly fewer of all the monocytemacrophage subsets in the colon of adult germ-free mice than in that of conventionally housed control mice (Fig. 6b) . Notably, at 3 weeks of age, there were considerably fewer Ly6C hi MHCII − and Ly6C + MHCII + cells in the colon of germ-free mice than in that of conventionally housed mice (Fig. 6c) . That was paralleled by fewer mature Ly6C − macrophages in germ-free mice than in conventionally housed mice (Fig. 6c) ; moreover, significantly fewer of those expressed MHC class II than among Ly6C − macrophages in wild-type colon (~40% versus ~80%; Fig. 6d ). Together these data supported the idea that the defect in macrophage numbers seen in germ-free conditions might have reflected impaired recruitment of the monocytes that normally begin to replenish the intestinal macrophage population around weaning. Consistent with that, we found no difference between 7-day-old germ-free mice and their conventionally housed counterparts the abundance of Ly6C − macrophages in their colonic mucosa (data not shown). Together these results indicated that the homeostasis of resident intestinal macrophages required the microbiota and CCR2-dependent recruitment of classic monocytes (Supplementary Fig. 5 ).
DISCUSSION
The concept of a mononuclear phagocyte system in which blood monocytes replenish tissue macrophages has been called into question by a new paradigm proposing that tissue macrophages arise from embryonic precursors and are independent of blood monocytes 3, 4, 6 . Here we found that the intestinal mucosa is an exception to this idea. Although it was seeded early in life by embryonic precursors, the colonic macrophage compartment became entirely dependent on constant replenishment by classic Ly6C hi blood monocytes.
We were able to readily identify macrophages in the intestine of newborn and late fetal mice; there they included a mixture of the F4/80 hi CD11b lo and F4/80 lo CD11b + cells proposed to be derived from the YS and fetal liver, respectively 3, 5 . Csf1r-and Flt3-driven fate mapping confirmed the presence of YS-derived macrophages in the intestine of neonatal mice, but they were almost completely absent from the mucosa of adult mice, where they were replaced by the progeny of conventional hematopoiesis. That result was in contrast to results obtained for the liver, lung, spleen, kidney, epidermis and brain, where npg macrophages retain their embryonic signature into adulthood 3, 4, 26 .
Although there was also an apparent age-related decrease in the frequency of labeled liver Kupffer cells in the Csf1r-reporter mouse, the vast majority of these remained independent of conventional hematopoiesis. Notably, there were already fewer labeled macrophages in the colon of Csf1r-reporter mice at day 9 than among Kupffer cells, which perhaps indicated that conventional hematopoietic precursor cells had already entered the intestine by this time. The results of our parabiosis studies supported the proposal of a direct precursor-product relationship between Ly6C hi monocytes and colonic macrophages. Although Ly6C hi monocytes have been shown to replenish intestinal CX3CR1 + F4/80 + cells 13, 27 , this was after repeated depletion of resident cells. Here we have extended the published finding that adoptively transferred Ly6C hi monocytes enter the steady-state colonic mucosa 15, 16 , by showing that the monocytereplenishment process became essential for maintaining the colonic macrophage pool. This was also demonstrated by the considerable deficit in colonic macrophages in older Ccr2 −/− mice. In contrast, most other tissue macrophages show poor exchange during parabiosis 4, 7, 28, 29 and are unaffected by CCR2 deficiency 26, 30, 31 . Notably, however, dermal macrophages in the skin have been shown to be partly dependent on CCR2 and to undergo exchange during parabiosis, which suggests that some of these cells may also require replenishment by Ly6C hi monocytes 28 .
We cannot exclude the possibility that small numbers of embryonically derived macrophages may remain present in the intestine throughout adult life. Indeed, as the fate-mapping systems used to identify the progeny of YS-derived precursors show relatively low efficiencies of recombination, they probably underestimate the true size of these populations 32 . The presence of colonic macrophages in adult Ccr2 −/− mice might also indicate the persistence of macrophages from primitive sources, although it must be noted that Ccr2 −/− mice did have circulating Ly6C hi monocytes, albeit ~90% fewer than those in wild-type mice. Nevertheless, the number of YS-derived macrophages in the intestine was ≤1,000 labeled cells per intestine, which suggests that such cells may not make a substantial contribution to the adult compartment.
During the neonatal period, colonic macrophages showed considerable proliferation, similar to that seen for other macrophages early in life 5, 22, 30 . However, following the onset of monocyte accumulation, the proliferative capacity of colonic macrophage diminished, in support of published studies showing a low turnover rate for mature intestinal macrophages in situ 15, 16, 33 . Colonic macrophages in adult mice also failed to show an ability to self-renew in response to acute inflammation or during its repair phase, situations in which embryonically derived macrophages proliferate in other organs 4, 22, 23, 30, 34 . Thus, the mechanism that maintains the colonic macrophage compartment reflects a unique switch from local proliferation to replenishment by Ly6C hi blood monocytes.
Because the greatest changes in macrophage number and monocyte recruitment occurred during the third week of life, we considered that this might reflect establishment of the microbiota. Published studies have reached discrepant conclusions on the abundance of colonic macrophages in germ-free mice 14, 35, 36 , and we found that although these mice had a normal intestinal macrophage compartment at birth, they had much less recruitment of monocytes at 3 weeks of age. As a result, adult germ-free mice had fewer of all the subsets in the socalled 'monocyte waterfall' . That effect was partially recapitulated by the administration of broad-spectrum antibiotics to conventionally housed adult mice, although this had no effect on mature macrophages. This might reflect the short duration of the antibiotic regimen compared with the half-life of mature cells, which we estimate to be ~4-6 weeks on the basis our studies of parabiotic and Ccr2 −/− mice. Antibiotic treatment also reduced the recruitment of non-host monocytes into the intestine of parabiotic partners; together these results demonstrate that the microbiota influences the kinetics of the replenishment of macrophages in the colonic mucosa. Notably, this is in contrast to the recruitment of Ly6C hi monocytes to other barrier surfaces, such as the skin dermis 28, 29 .
Nevertheless, we detected all stages of the 'monocyte-macrophage waterfall' in the colon of adult germ-free mice, as well as in small intestine of conventional mice, where the microbial burden is much lower. The finding that the microbiota was not the only factor involved in the homeostasis of intestinal macrophages was supported by our finding that although macrophages in the intestine of neonatal mice and adult mice had distinct origins, they shared many of the features that make intestinal macrophages unique. Both had high expression of CX3CR1 and scavenger receptors, were avidly phagocytic and produced IL-10 and TNF constitutively but were hyporesponsive to stimulation via Toll-like receptors (data not shown). Thus, intestinal macrophages may have similar roles in the presence or absence of the microbiota, regardless of the stage of host development. Functions of this kind might include the removal of dying epithelial cells and tissue remodeling, which are very much appropriate to such a rapidly dividing organ. Indeed, apoptotic debris from epithelial cells has been observed in macrophages in the lamina propria 37, 38 .
Our results indicate that the ontogeny of resident tissue macrophages is more complex than can be explained only by the paradigms of the mononuclear phagocyte system or embryonic origin. Instead, the relative contributions of these sources depends on the tissue, with different anatomical and microbiological factors demanding distinct forms of adaptation. The intestine is at one end of the spectrum, as its continual exposure to environmental stimuli warrants constant replenishment by highly plastic blood monocytes. Conversely, the physiological demands of tissue remodeling may dominate over responsiveness to external agents in the brain, epidermis and alveolar space and are best served by a stable population of embryonically derived macrophages throughout life. Tissues such as the liver, dermis, heart and spleen seem to have a mixed pattern of origin, which allows stability and flexibility to be combined. Notably, all tissues can readily recruit classic monocytes when infection or tissue damage demand a rapid and flexible reaction, which mirrors the events that occur on a daily basis in the intestine.
METHODS
Methods and any associated references are available in the online version of the paper. 
